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(57) Abstract 

A matched filter for use in a radio telephone receiver that receives Code Division Multiple Access (CDMA) signals. The matched 
filter produces precombinations of input values to significantly reduce the number of multiplication and addition operations, compared to 
conventional matched filters, required to produce a correlation value. This reduced number of required operations, along with a reduced 
number of delay elements required to despread CDMA signals, significantly reduces the overall power consumption of the matched filter. 
The use of such a matched filter in a device like a cellular phone, for example, would thus lead to longer battery life. 
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REDUCED POWER MATCHED FILTER 
BACKGROUND 

This invention relates generally to receivers in radio telephone communication systems, 
and more particularly to radio receivers that receive Code Division Multiple Access (CDMA) 
signals. 

The cellular telephone industry has made phenomenal strides in commercial operations 
in the United States as well as the rest of the world. Growth in major metropolitan areas has 
far exceeded expectations and is outstripping system capacity. If this trend continues, the 
effects of rapid growth will soon reach even the smallest markets. Innovative solutions are 
required to meet these increasing capacity needs as well as maintain high quality service and 
avoid rising prices; 

Throughout the World, one important step in cellular systems is to change from analog 
to digital transmission. Equally important is the choice of an effective digital transmission 
scheme for implementing the next generation of cellular technology. Furthermore, it is widely 
believed that the first generation ofPersonal Communication Networks (PCNs) employing low 
cost, pocket-size, cordless telephones that can be carried comfortably and used to make or 
receive calls in the home, office, street, car, etc. would be provided by cellular carriers using 
the next generation of digital cellular system infrastructure and cellular frequencies. The key 
feature demanded of these new systems is increased traffic capacity. 

Currently, channel access is achieved using Frequency Division Multiple Access 
(FDMA), Time Division Multiple Access (TDMA) and Code Division Multiple Access 
(CDMA) methods. In FDMA systems, a communication channel is a single radio frequency 
band into which a signal's transmission power is concentrated. Interference with adjacent 
channels is limited by the use of bandpass filters that only pass signal energy within the filters* 
specified frequency bands. Thus, with each channel being assigned a different frequency, 
system capacity is limited by the available frequencies as well as by limitations imposed by 
channel reuse. 

In TDMA systems, a channel consists of a time slot in a periodic train of time intervals 
over the same frequency. Each period of time slots is called a frame. A given signal's energy 
is confined to one of these time slots. Adjacent channel interference is limited by the use of 
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a time gate or o.he, synchronization element that only passes sign,, energy received a, the 
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for variable data rates allowing many different grades of voice quality to be offered. The 
scrambled signal format of CDMA eliminates cross-talk and makes it very difficult and costly 
to eavesdrop or track calls, insuring greater privacy for callers and greater immunity from a.r 
time fraud. In communication systems following the CDMA or "spread spectrum- 
concept, the frequency spectrum of an informational data stream is spread using a code 
uncorrected with that of the data signals. The codes are also unique to every user. This is the 
reasonwhyareceiverthathasknowledgeaboutthecodeofthe intended transmitter is capable 

of selecting the desired signal. 

There are several different techniques to spread a signal. Two of the most popular are 
Direct-Sequence (DS) and Frequency-Hopping (FH), both of which are well known in the art. 
According to the DS technique the data signal is multiplied by an uncorrected code referred 
to as a Pseudo Random Noise Code (PNcode). A PNcode is a sequence of chips (bits) valued 
at -1 and 1 (polar) or 0 and 1 (non-polar) and has noise like properties. One way to create a 
PNcode is by means of at least one shift register. When the length of such a shift register is 
N the period is given by the equation N DS = 2" - 1 . 

In a receiver in a CDMA system, the received signal is multiplied again by the same 
(synchronized) PNcode. Since the code consists of + l's and -l's, this operation removes the 
code from the signal and the original data signal is left. In other words, the despreadmg 
operation is the same as the spreading operation. 

FIGURE 1 is a block diagram of a conventional correlator, which is used to compute 
correlationsbetween the last M signal samples received and anM-bit codeword. AnM-element 
delay line 10 stores received signal samples and sequentially shifts them through each of the 
M stages. Consequently, the delay line memory elements contain the last M signal sample 
values received. After each new sample is shifted in and one old sample is shifted out, the M 
sample values are read out of the delay line into M sign-changers 12, where the M sample 
values are multiplied by +1 or -1 according to the bits b....b of a predetermined code with 
which correlation is to be computed. The sign-changed values are then summed in adder 13 
to produce a correlation result. 

In general, the process of correlating a 64-element vector A = (al, a2 a64) with 

another 64-element vector C = (cl, c2 c64) involves forming the inner product A * £ = 

al*cl + a2*c2 + .... a64*c64. When the elements of one of the vectors (e.g., Q comprises 
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only binary values (arithmetically +1 or -1), the products such as al*cl simplify to ±al, but 
the process of adding the 64 values ±al ±a2 ±.... ±a64 is still a significant effort when it has 
to be performed for every new value of "a" received. In the above example, the vector length 
(64) is used for illustrative purposes only. One of ordinary skill in the art will realize that any 
length vector could be used. 

The prior art includes many variations of the correlator shown in FIGURE 1. For 
example, signal samples maybe single-bit or "hard- limited" quantities of only +1 or -1 instead 
of multi-bit quantities. The sign-changers used then are typically simple XOR gates. In that 
case, the adder 13 may first add pairs of single-bit values to obtain M/2 two bit values; M/4 
two-bit adders then add two-bit values to obtain M/4 three-bit values, and so on. Such a 
structure, known as an "adder tree", is simpler when the input values are single-bit rather than 
multi-bit values. 

For single-bit value signal samples, the adder tree can be replaced by an up/down 
counter that scans the M values, and counts up when a +1 is encountered and down when a 
-1 is encountered. Likewise, for multi-bit value signal samples, a parallel adder tree can be 
replaced by a sequential adder that extracts each of the M values, in turn, from the delay line 
memory and adds it to an accumulator. In the latter case, the logic employed must operate 
M-times as fast as in the parallel adder case. Consequently, there is a trade-off between the 
overall speed of the correlator and the logic complexity. Nevertheless, in each of the 
above-described prior art correlator variations, it is necessary to combine M values anew after 
each new signal sample is received. 

Another depiction of a conventional matched filter or correlator is shown in FIGURE 
2. The received signal is sampled at a rate Fc samples per second, and the samples are entered 
sequentially to the inputs of multipliers, denoted by X. The 64 multipliers each have one bit 
of aPNcode as their second input value, shown as CI, C2, C3 .... C64 (for a matched filter 
having length 64), in FIGURE 2. In this conventional matched filter, a current input sample 
a(i) is multiplied by CI in the leftmost multiplier, and the multiplier output Cl a(i) is fed to a 
one sample delay element Dl . The value will emerge from the delay element Dl at the next 
sample period when a(i+l) is input to all the multipliers. As the value Cl a(i) emerges from 
delay element Dl into the first input of a first summer, C2 multiplies input sample a(i+l) to 
obtain a value C2-a(I+l) and applies this product to the second input of the first summer. The 
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output of the first summer is then C 1 -a(i)+C2-a(i+ 1 ) which enters delay element D2. The value 
emerges from D2 in the next sample period when a(i+2) is input to the multipliers. The output 
from D2 is thus added to C3*a(i+2) and the result is input into delay element D4, and so forth. 
Thus, it may be seen that after 64 samples have been input, the following value emerges from 
the rightmost summer: 

Cl-a(i) + C2a(i+1) + C3a(i+2) + .... + C64a(i+63) 
which is a 64-sample correlation between the values CI .... C64 and the signal samples a(i) ... 
a(i+63). 

Upon each successive signal sample being entered, a new 64-point correlation is 
computed between, successively, the signal samples: 
a(i+l) .... a(i+64) 
aO+2) .... a(i+65) 

The resulting correlations appear to be a combination of the coefficients 

CI ... C64 with 64 signal samples selected according to a sliding window 64-samples wide. 

Hence, another term for this matched filter is "sliding correlator". 

The device of FIGURE 1 performs, at each sample clock period, 64 multiplications and 
64 additions. This consumes a large amount of power, particularly when the power supply is 
a portable supply such as a battery. There is thus a need for a matched filter that minimizes 
computations to reduce power consumption. 

SUMMARY 

It is an object of this invention to reduce the number of multiplications and/or additions 
performed to obtain each successive correlation value. Decreasing the number of 
multiplications and additions reduces the power consumed from the supply, thus extending the 
battery life of battery operated equipment using sliding correlators or matched filters, such as 
Cellular Phones which receive CDMA signals. 

According to exemplary embodiments, a matched filter receives at its input a stream 
of signal samples, with one new sample being received at each successive period of a sample 
rate clock. For each new sample input, a complete correlation value is output, which value is 
the correlation between the last N input samples and a PNcode comprising N digital symbols. 
The correlator computes successive correlations at each new sample clock period in a manner 
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requiring significantly fewer than N multiply and N add operations per correlation value, by 
forming precombinations of a limited number of successive input samples, the precombinations 
being independent of the given PNcode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Applicant's invention will be understood by reading this description in conjunction with 
the drawings, in which: 

FIGURE 1 illustrates a conventional correlator; 

FIGURE 2 is another illustration of a conventional correlator; 

FIGURE 3 illustrates an arrangement of overlapping consecutive shifts of a 15-bit 
code, which can be correlated with received signal samples; 

FIGURE 4 is a schematic block diagram of an exemplary correlator; 

FIGURE 5 illustrates a sequence of steps that can by used to implement correlator of 
FIGURE 4; 

FIGURES 6a - 6c and 7-10 illustrate matched filter arrangements according to various 
first embodiments of the present invention. 

DETAILED DESCRIPTION 

According to exemplary embodiments, a matched filter for use in a DS CDMA system 
receives input sample signals at a sample clock rate and forms precombinations of the input 
sample signals. The matched filter uses the precombinations, along with a given PNcode, to 
decode the received input sample signals and produce one correlation value output at the 
sample clock rate. The matched filter uses less logical operations to produce the same output 
as conventional matched filters, thus leading to greater power conservation which extends 
battery life. 

FIGURE 3 is a diagram that illustrates an arrangement of overlapping consecutive 
shifts of a 15-bit code, which can be correlated with received signal samples. Referring to 
FIGURE 3, a plurality of received signal samples are hexadecimally numbered (horizontally) 
1 to I. Shown underneath the signal sample numbers are different shifts of a 1 5-bit codeword 
with which 1 5 received samples are to be correlated. The left-most vertical numbering denotes 
the number of the correlation performed. For example, correlation number 1 shall correlate the 
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codeword in row number 1 with signal samples numbered 1,2,3 ... to F. 

FIGURE 3 illustrates an arrangement just before sample number F is received. The 
samples not yet received are highlighted with bold print and positioned to the right of samples 
already received. A dividing line 2 is shown between bits of codewords yet to be correlated 
with sample values not yet received, as compared with bits to the left of the dividing line, 
which have already been correlated with received samples. Memory elements 1 to E contain 
partial results compared to the uncompleted correlations with rows 1 to E, respectively. 
FIGURE 3 shows that sample number F has to be received before correlation number 1 can 
be completed. The receipt of sample numbers F,G,H,I will allow the completion of correlations 
numbers 1,2,3 and 4, and will allow the correlation with rows F,G,H and I to at least get 
started. The already started correlations numbers 5 to E can be continued four more positions 
to the right after sample numbers F,G,H and I are received, by accumulating different 
combinations of the four new samples with the partial correlations contained in memory 
elements 5 to E. 

Observe that the combination of four new samples S(F),S(G),S(H),S(I), which is 
required to complete correlation number 4, is -S (F) +S (G) -S (H) +S (I) The signs of this 
combination correspond to the four remaining bits 1 01 0 in row 4. A n 1 " signifies a minus sign, 
while a "0" signifies a plus sign. Other combinations that use other sign patterns are required 
to continue accumulating correlations for rows 5 to E, with a total of 1 1 combinations being 
needed for row 4 and rows 5 to E. 

A method is used to compute all possible sign combinations of S(F),S(G),S(H) and 
S(I), a tota ' of 16 combinations, even if less than 16 combinations are needed, because an 
efficient method can be used for computing all 16 combinations in Greycode order. Moreover, 
a combination with signs as indicated by the bit pattern 1100 is just the negative of the 
combination with signs indicated by 001 1 . Consequently, only half of the 1 6 combinations need 
to be formed, and the other half are the negatives of the formed half. As such, the eight 
combinations to be computed can be formed using only one addition or subtraction for each 
new value after the first value is formed, if the eight combinations are computed in Grey-code 
ordering of the sign pattern. In this ordering, only one sign change occurs between successive 
patterns, as explained below. 

For example, starting with the pattern 0000, which requires the sum of the four new 
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values (counted as four operations), the Grey-code ordered computation for the combination, 
C, proceeds as follows: 



0000 


S(F)+S(G)+S(H)+S(I) = 


C(0) 




0001 






L,(V)-2i>(l) 


0011 


S(F)+S(G)-S(H>Sa) = 


C(3)= 


C(1)-2S(H) 


0010 


S(F)+S(G)-S(H)+S(I) = 


C(2)= 


C(3)+2S(I) 


0110 


S(F)-S(G)-S(H)+S(I) - 


C(6)= 


C(2)-2S(G) 


0111 


S(F)-S(G)-S(H)-S(I) = 


C(7>= 


C(6>2S(I) 


0101 


S(F)-S(G)+S(H)-S(I) = 


C(5)= 


C(7)+2S(H) 


0100 


S(F)-S(G)+S(H)+S(I) = 


C(4)= 


C(5)+2S(I) 



This process completes the computation of all eight combinations, using four operations to 
form the first value, and one operation (the addition or subtraction of two times a received 
sample from a previous combination) to form subsequent combinations in the above-described 
Grey-code order. The scaling of a sample value by two is not counted herein as an operation, 
because the use of binary arithmetic in which a right shift by one position is equivalent to 
multiplying by two is assumed. 

The exemplary embodiment described above may be extended to the forming of all 
combinations of more than four values. The Grey-code ordering of computations for any 
number of values is characterized by successive binary codes that differ in only one bit position, 
as illustrated above. 

The combinations above, which were formed using a total of 1 1 operations, are 
combined with the stored values representing signal samples 4 to E as follows: C(5) is 
subtracted from stored value 4 to complete correlation number 4; C(2) is subtracted from 
stored value 5; C(6) is added to stored value 6; C (3) is added to stored value 7; C (6) is 
subtracted from stored value 8; C(4) is added to stored value 9; C(2) is added to stored value 
A; C(l) is added to stored value B; C (7) is added to stored value C; C (3) is subtracted from 
stored value D; C (1) is subtracted from stored value E; and C(0) is subtracted from stored 
value F. As demonstrated, this process has taken an additional 12 operations. 

Next, the signal sample S(F) is subtracted from stored value 1 in order to complete the 
correlation corresponding to row number 1 . Similarly, the signal sample S(F) is added to stored 
value 2, and the signal sample S(G) is subtracted from stored value 2 to complete correlation 
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number 2. Also, the signal sample combination of -S(F) +S(G) -S(H) is combined with stored 
value 3 to complete correlation number 3. At this point, this process has taken 1+2+3=6 more 
operations. However, this number may be reduced by noting that the combination -S (F) +S 
(G) -S (H) ±S (I) was already computed, and removing the contribution ±S(I) requires one 
operation. Consequently, correlation number 3 can be completed with only two operations 
instead of three. 

Better still, it is possible to start computing combinations in Grey-code order at any 
point, by starting with forming the following combinations: 

-S(F) + S(G); 

-S(F) + S(G) - S(H); and 

-S(F) + S(G) - S(H) + S(I). 
Observe that the combination of the three values required to complete correlation number 3 
is formed at the second step. After the third step, the other combinations are formed in the 
Grey-code order: 

1010 (formed at third step above) 

1011 

1001 

1000 

1100 

1101 

1111 

1110 

which takes only seven additional operations. At this point, observe that four correlations have 
been completed for a total effort expended according to the following formulae (where N=4 
and M=15 in the above-described example): 

(1) N+(2 (n_1) )-l) to form all 2 N possible sign combinations of N values; 

(2) 1+2+3 .... (N-l)=0.5N(N-l)operationsto complete correlation numbers 1 to(N-l); 

and 

(3) M-N+l operations to complete correlation number N and continue M-N other 
correlations. In addition, correlation numbers G, H and I are initiated by forming combinations 
of 3, 2 and 1 values (the values of signal samples 1, 2 and 3) and adding them to the storage 



WO 00/31 659 



10 



PCT/US99/24713 



locations vacated by completed correlations 1, 2 and 3, and thus cyclically re-using the same 
memory locations. This process also requires 0.5N(N-1) operations. 

In adding up all these operations, it is determined that after each reception of N new 
signal samples, N completed correlations are formed using 

0.5N(N-1) + M-N+l + 0.5N(N-1) + N+2 (N ' I) - 1 

M + 2 <n " I) + N(N-1) operations, or 

(M + 2 ^ + N(N- 1 ))/N operations per correlation. 

This process can be reduced slightly by computing the starting and finishing triangular 
fillets more efficiently by noting that a combination of greater than N/2 values can be formed 
by subtracting a combination of less than N/2 values from one of the already formed 
combinations of all N values. Consequently, the computation of the fillets then requires about 
0.5N(N-1) operations instead of N(N-1) operations. 

The following example illustrates the savings in effort that can be obtained by use of 
the above-described correlative method. The example illustrates the computation of 
correlations between all shifts of a received signal and a M=l 024-bit codeword. The total 
number of operations per (1024-point) correlation obtained with different values of new 
samples N, can be expressed as: 

N= 4 5 6 7 8 9 10 
261 212 181 162 151 151 161 
Observe that a value of N=8 or 9 results in an optimum reduction of the number of operations 
(about 1 5 1 operations) required to perform a 1 024-point correlation, which results in a savings 
of a factor of seven compared to the prior art. Using the method described, it is possible to 
fabricate 1024-bit correlators having a speed/power/cost trade-off as attractive as prior art 
1 51-bit correlators, thus achieving a longer correlation computation for an equal cost in terms 
of speed, power or cost. This trade-ofF translates into higher communications equipment 
performance. 

Furthermore, when numerous shifts of received data samples must be correlated with 
more than one codeword, additional savings can be realized. The computation of all 
combinations of N data samples requires, as described above, 

2 w + N-l operations by performing them in Grey-code order. Then M-N+l of these 
combinations are added to a first set of storage locations for correlation with a first codeword, 
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and a second set of storage locations for correlation with a second codeword. Calculating the 
triangular fillets of values that have to be added to initiate and complete N correlations with 
each codeword requires, as described above, at most N(N- 1 ) operations per codeword, which 
results in a total effort of 

L(M-N+1) + 2 (N ' 1) + N-l + LN(N-1) = LM + L(N- l) 2 + 2°** l) + (N-l) 
operations to complete N correlations with L codewords. Consequently, the total operations 
per correlation can be expressed as 

(LM + L(N-1) 2 + 2< N - | > + (N-1))/LN. 

For example, to correlate a sliding 1024-signal-sample segment with six different 
1 024-bit codes requires the following effort: 

N = 9 10 11 12 
126 120 118 125 
which illustrates that N=l 1 would be the most efficient choice. 

The above-described methods can be used successfully for any arbitrary codewords. 
For correlating with specific codewords, even more efficient correlators may be devised in 
accordance with the above-described principles. For example, consider that whenN is selected 
to be greater than log 2 (M), more combinations of N signal sample values are calculated than 
needed. However, they are calculated in efficient Grey-code order requiring only one 
operation per signal sample value. Although it would be desirable to compute only the 
combinations required, by omitting the computation of certain combinations, it is no longer 
certain that all of the required combinations can be reached with only one extra operation per 
combination. In effect, omitting the calculation of certain combinations creates disjointed and 
separate groups of combinations. Consequently, it is necessary in each case to examine the 
disposition of each member of the set of required combinations to determine how many 
operations are required to reach it from another member. The number of operations is equal 
to the Hamming distance between the corresponding bit pattern that describes the signs (plus 
or minus) that shall be used to combine signal samples. Given the distance structure, which 
is the set of all Hamming distances from every N-bit sub-code to every other N-bit sub-code 
in the set to be computed, the optimum order for computing them all for a minimum effort may 
be determined by using a Viterbi algorithm to test all possible paths. It may turn out for a 
particular code that the number of operations to compute the needed combinations ofN signal 
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samples is less than the value 2 (N * I> + N-l, which was assumed for the general case of an 
arbitrary code. As such, a more efficient correlator can then be fabricated for these particular 
codes, in accordance with the above-described principles. 

Alternatively, a code can be specifically formulated to enable the use of an efficient 
correlator. For example, such a code can be any M-bit code with the property that all 
overlapping shifts of N-bits form a contiguous set of adjacent N-bit codes (in the Hamming 
distance sense), such that signal combinations can be computed using only one operation per 
additional combination after the first combination. Moreover, half of the codes in the 
contiguous set should be the complements of the other half making it unnecessary to compute 
the complementary combinations, since they are the negatives of others. 

FIGURE 4 is a schematic block diagram of an exemplary correlator 18. Theexemplary 
correlator 18 includes a timing controller 20, which controls the input of new signal samples 
by generating a signal sample clock. The sequence of operations controlled by timing 
controller 20 repeats every N sample clock cycles. Every N sample clock cycles, the timing 
controller 20 controls the inputting of N new sample values (where N=4 in this example) and 
their additions or subtractions from N locations in a memory 21 using an adder/subtractor 
(modifier) 24. Each such addition or subtraction comprises a memory read, modify and rewrite 
cycle such that the value stored in the memory location represents an accumulation of values 
previously added or subtracted. Whether or not one of the N input samples is added or 
subtracted depends on one of the first or last N bits of the codeword with which the signal is 
being correlated. A required sign pattern is generated by mapping logic circuitry 23, which is 
configured according to the codeword to produce the correct add/subtract commands to 
modifier 24 at different times under the control of the timing controller 20. The memory 21 
is utilized as a circular buffer to hold M partially completed correlations. 

The next correlation to be completed is at memory location "k", where the address for 
"k" is maintained in an address offset register 22. The partial correlation at address "k" will 
be completed by adding an N-sample combination of N previously input samples maintained 
in an N-element latch 26. A selector 25 comprises logic that functions to compute and store, 
in Grey-code order, 2 (N " I) (i.e., eight, ifN=4) combinations of the N previously input samples 
maintained in latch 26, starting with the N-sample combination previously stored in memory 
location "k-N". Selector 25 outputs the selected one of these combinations necessary to 
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complete correlation H k", under the control of N-l selection lines from mapping logic 23. At 
the same time, mapping logic 23 outputs an add/subtract command to modifier 24, dependent 
upon whether the combination is to be added or subtracted (i.e., sign inverted or non-inverted 
before adding). 

Next, timing controller 20 outputs the just-completed correlation "k", by enabling an 
output gate 28 to couple the just-completed correlation "k" value to the output, and substitutes 
a zero value to be written to memory location "k", thus clearing the memory location M k M to 
zero. Timing controller 20 then controls selector 25 to select the latest input sample from an 
input shift register 27 which is to be passed to adder/subtractor 24, and at the same time 
controls mapping logic circuitry 23 to sequentially select memory locations k, k+1, k+2, . . . 
k+1 -N to be modified by adding or subtracting the new input sample. Mapping logic circuitry 
23 also controls the addition or subtraction for each of the N memory locations, according to 
a pre-stored sign pattern that depends on the codeword bits. 

For example, if the first four bits of the codeword are 1 101, and the last four bits are 
1010, then mapping logic 23 causes a subtraction of a first sample of four new samples input 
to register 27 (corresponding to the codeword having a " 1 w (= *-') in the first bit position) , an 
addition to location k+1 (corresponding to the last codeword bit being a "0" ( =, +')X 
subtraction from location k+2 (corresponding to the second-to-last codeword bit being a " 1 ") 
, and an addition to location k+3 (corresponding to the third-to-last codeword bit being a "0"). 
When the second sample of the next four samples is input to register 27, mapping logic 23 will 
generate a sign for memory location "k" (corresponding to the second bit of the codeword 
being a "1"), a sign for location k+1 (corresponding to the first codeword bit being a "1"), 
a "+" sign for location k+2 

(corresponding to the last bit of the codeword being "0"), and a sign for location k+3 
(corresponding to the second-to-last bit of the codeword being a "1"), and so on. The 
following diagram can assist with understanding the above- described pattern: 

k 1101 

k+1 0110 

k+2 ion 

k+3 0101 

The above-underlined bits are the first bits of the codeword that determine the signs of samples 
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for initializing new correlations, which will be formed in the same memory locations vacated 
by correlations completed by using the non underlined bits as signs (the last bits of the 
codeword to be correlated). The correlation memory location is cleared to zero between using 
the last non-underlined bit to complete a correlation and the first underlined bit to start a new 
correlation in the same location, which is performed as described above by timing controller 
20 enabling output gate 28 at the appropriate times. 

Interlaced with processing the N new samples to complete N correlations and initialize 
N new correlations, timing controller controls the addition or subtraction of previous N-sample 
combinations stored in selector to the other M-N locations of memory 21 . This computation 
may be spread more or less evenly over the N new sample periods, by updating (M-N)/N = 
M/N-l locations per sample period. Timing controller 20 provides to mapping logic 23 
increments H i" to the base address "k" stored in address register 22, starting with i=N and 
increasing by one to i=M-l, until M-N locations have been updated. Mapping logic 23 
modulo-M adds the increment V to the base address "k" to obtain the memory address 
location to be updated. 

The increment H i H provided by timing controller 20 is also used by mapping logic 23 
to determine the N-sample combination to be selected by selector 25, and whether the 
combination shall be inverted or not (by providing a or sign to modifier 24). The index 
(value of "i") of the combination that shall be combined with the contents of a particular 
memory location depends on the codeword bits, as can be more readily understood by 
reviewing FIGURE 3 where the value N=4 is used as an example. The bracketed column of 
four-bit segments indicates the combination to be added to update the partial correlation of 
each row. If a combination is stored in selector 25 corresponding to the complement of these 
bit patterns, then the complementary combination is selected at the same time as a minus sign 
is provided to modifier 24; otherwise the correct combination (if available) is used with a n + H 
sign. 

The mapping of increment "i" to N-l selection control lines input to selector 25, and 
a selection of +/- for modifier 24 may be accomplished, for example, by storing M-N, N-bit 
control signals in a memory area. When the correlation codeword was chosen or changed, 
then the appropriate values would be loaded into this memory area. Also, the memory area 
could be extended to contain the N x N sign bits needed to control formation of the starting 
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and ending triangular fillets, which results in a total of M x N bits of memory. 

Alternatively, for a fixed correlation code, a Read-Only-Memory (ROM) can be 
programmed with this information, and in some instances, it can be more efficient to translate 
the bits of the increment "i H with hard-wired logic, into the N control and selection signals to 
5 modifier 24 and selector 25. All of these possibilities, as well as the others described above, 

are contemplated here. 

FIGURE 5 now illustrates an exemplary timing sequence of steps for a value of N=4. 
At step la of the sequence, the previously completed correlation at the address "k" is output 
from the memory location, and that location is zeroed. At step lb, the first of four new signal 
10 samples are input and added to or subtracted from memory addresses k, k+1, k+2 and k+3, 

as determined by the address offset register 22 which contains the address "k". Whether to add 
or subtract is determined by the contents of the mapping logic 23. 

At step 2a, the completed correlation is output from memory location k+I, and the 
memory location k+1 is zeroed. At step 2b, the second Signal sample is added to or subtracted 
15 from memory locations k, k+1, k+2 and k+3. 

At step 3a, the completed correlation is output from memory location k+2, and the 
memory location k+2 is zeroed. At step 3b, the third signal sample is added to or subtracted 
from memory locations k, k+1, k+2 and k+3. 

At step 4a, the completed correlation is output from memory location k+3, and the 
20 memory location k+3 is zeroed. At step 4b, the fourth signal sample is added to or subtracted 

from memory locations k, k+1, k+2 and k+3. At step 4c, starting with the four-sample 
combination in memory address M k", other 2 -1 (i.e., 7 in this case, where N=4) 
four-sample combinations are computed in Grey-code order. At step 4d, a selected one of the 
combinations computed in step 4c is added to the contents of each one of the remaining 
25 memory locations k+4, k+6 .... k+M-1. For each such memory location, the combination 

selected to be added to that location is predetermined for a particular choice of codeword. At 
step 4e, address k is increased by 4 (modulo-M), and the sequence is repeated from step la. 

After step 4b has been completed, memory location "k H contains a combination of the 
four signal values with signs corresponding to the first four bits of the codeword. This 
30 combination is used as a starting point for the computation at step 4c of the other seven of the 

eight total combinations, which together with their respective negatives, comprise the 16 
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possible sign combinations of the four signal samples. One of these combinations will be 
needed to complete correlation k+4 by adding it to the contents of memory location k+4. In 
general, the order in which this value will be computed depends on the code with which the 
signal is being correlated, and it may be the last value to be computed. Therefore, steps 4a 
through 4e are required to be completed within one sample clock period, in order to be sure 
to obtain in time the combination needed to complete correlation k+4 (i.e., the incremented 
value of k). The correlation so-completed is output at step la of the next cycle. Note that 
steps 4e and 4d may be reversed (i.e., k can be incremented by 4 first at step 4d) , but then the 
address k+4, k+5 .... k+M-1 must be expressed in terms of the newkvalue as k, k+1, k+2 .... 
k+M-5 for step 4e. 

The accumulation of the four sample combinations computed at step 4c to the other 
M-5 memory locations, k+5, k+6,...., M-l, 0, 3,...., k-1, has to take place during the next 
execution cycle of steps 1 through 4. Consequently, in total, selected ones of the computed 
combinations have to be added to the contents of M-4 memory locations, including memory 
location k+4, during execution of step 4d and step 4c of the next cycle. By itself, step 4c 
requires seven operations to be completed in less than one sample clock period, but these 
operations can be executed in parallel with the four operations of step 4b. The other M-4 
operations have to be completed during the remainder of the fourth sample period plus the 
other three operations, which is a total of M-4+7 operations that have to be accomplished 
within four sample clock periods. This can be accomplished by providing a computational 
speed of at least (M+3)/4 operations per sample clock period. 

For example, if M=64, a computational speed of at least 17 operations per sample 
clock period will be needed in addition to the parallel execution of steps 1 through 4d. Each 
of steps l-4d consumes an additional four arithmetic operations per sample clock period, so 
all of the operations can be accommodated if timing controller 20 has available a high-speed 
clock of at least 21 times the sample clock frequency, which allows 21 read-modify- rewrite 
cycles to memory 21 per sample clock period. Notably, this is a factor of three less than a 
prior art sliding correlator of length 64. 

The required high-speed sample clock frequency can be reduced by allowing 
computations of the seven new four-sample combinations to occur at the same time while the 
previous seven values are being used. This can occur if two alternative sets of seven memory 



WO 00/31659 



17 



PCT/US99/24713 



locations are provided. The seven operations needed to compute the seven new combinations 
can then occur in parallel with the addition of previous combinations to M-4 memory locations, 
and the speed of the read-modify-rewrite cycles needed for memory 21 is reduced to 
4+(M-4)/4 or 19 cycles per sample clock period for a M==64 correlator. Of course, it is 
possible to trade-off the provision of more parallel processing for more speed or reduced 
computation speed per processing element. For example, memory 21 can be split into two 
banks, and two adder/subtractors can be provided so that two read-modify-rewrite cycles can 
be performed in parallel per high-speed clock period. 

The ultimate in parallelism is to split memory 21 into M/N banks of N elements, with 
each bank being connected to a corresponding one of M/N adder/ subtractors. The four 
consecutive memory locations to be updated every new sample clock period can be stored in 
different banks, as can the other (M-N)/N memory locations such that all the required memory 
read-modify-rewrite cycles can occur in parallel. In order to match such speed, the 2 (N " 1) 
combinations of N samples needed by selector 25 can be computed in Grey-code order using 
a chain of 2 -1 cascaded adders, whereby an adder adds or subtracts twee a sample value 
to/from the output of a preceding adder to obtain all combinations in parallel with only the 
ripple-through delay of the logic. Such an arrangement has only about 1/N the hardware 
complexity of a prior art, fully parallel correlator that requires M-l parallel adders. 

As such, the method described can be used to form correlators of either longer 
correlation length, lower hardware complexity, higher speed, lower power consumption, or 
any combination of these advantages, in comparison with prior art methods. The improved 
correlator can be employed to correlate all shifts of a set of received signal samples, wherein 
the set does not have to be a contiguous set of signals but can be received, for example, in 
bursts (e.g., as in a Time Division Multiple Access (TDMA) system, or "hops" in a frequency 
hopping system). A need for this method arises, for example, whenever there is uncertainty 
about the timing of a received signal. Such a need also arises in a Code Division Multiple 
Access (CDMA) system when a "RAKE" receiver is to be constructed to combine signals 
received along different delay paths, by despreading different delayed sets of signal samples 
with a despreading code to form different "RAKE taps". The correlator can be used efficiently 
to simultaneously despread a large plurality of RAKE taps. 

Furthermore, the method can be used to compute correlations between successive shifts 
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of M consecutive signal samples and a signal pattern of M stored sample values which are not 
restricted to binary values, but can include, for example, ternary values of +1, -1 and 0. All 
3**N possible combinations of N signal values can be computed efficiently in a Grey-coded 
order, wherein only one digit at a time is changed through its allowed set of values, thus 
enabling a faster correlation algorithm to be devised in accordance with the inventive principles 
described above. 

The method is also useful when correlations must be made with several shifts of a 
number of different CDMA codes, as in, for example, a navigation receiver for processing 
CDMA signals received from a plurality (e.g., 4 or more) Global Positioning System (GPS) 
satellites. 

The correlator illustrated in FIGURE 4 is less complex and faster than conventional 
correlators. There are various alternative arrangements that provide similar advantages. An 
example of one such an arrangement is shown in FIGURES 6a-6c. 

In FIGURE 6a, a length 64 matched filter is first replaced by 32 length-2 matched 
filters, 1, 2, ... 32. The first matched filter delays input samples in delay element Dl and Adds 
the delayed output to the next sample multiplied by CI © C2, where the operation is the 
same as the operation "exclusive OR" when the coefficient values are one bit binary values of 
1 or 0 in Boolean notation (or +1 or -1 in algebraic notation). The multiplication operations 
by +1 or -1 are thus equivalent to a sign change of the input value (for -1) or not (for +1). 
Using input signal samples a(i) to a(i+63), the output of the first summer in FIGURE 6a is 
thus: 

a(i) + (Cl®C2)a(i+l) 
This is multiplied (sign-changed) again by CI to obtain 

CI a(i) + Cl 2 C2 a(i+l), 
which, since Cl^l, is equal to 

CI -a(i) + C2 -a(i+l), which equates to a two-sample matched filter output. 

This value is then delayed in the first two-sample delay element of FIGURE 6a so that, 
after two sample periods, it is added to the output C3 -a(i+2) + C4 *a(i+3), of the second two- 
sample matched filter, thus obtaining: 

CI a(i) + C2 -a(i+l) + C3 a(i+2) + C4 a(i+3) 

This will be recognized as the output of a four-sample matched filter. This output may 
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be delayed and added in turn to the output of the third 2-sample matched filter and so forth, 
until the output corresponding to a 64-element matched filter is obtained. Alternatively, two 
four-sample matched filter outputs could be combined after delaying one of them by four 
sample periods to obtain an 8-sample matched filter value, and so forth, forming a binary tree 
which successively doubles the matched filter length. With any of these variations however, 
the total number of additions and multiplications (sign changes) is roughly the same as in the 
conventional device of FIGURE 2. 

Each of the 32 2-sample matched filters of FIGURE 6a computes either the sum or the 
difference of the last two input samples (or their negatives). Thus, there are only two distinct 
values, the sum and the difference, which need be formed, not 32 values. 

FIGURE 6b shows precalculations of a sum and a difference of two successive 
samples, by delaying a sample in delay D and combining it with a succeeding sample in a 
Butterfly circuit. The term "Butterfly circuit" is borrowed from the theory of Fast Fourier 
Transform structures, which also need to compute many simultaneous sums and differences. 
A simultaneous sum and difference of two multi-bit binary values can be computed using a 
logic structure of less than twice the complexity of a single add or subtract circuit and only of 
the order of 40% more than a single add. Thus, the use of Butterfly circuits to form pairs of 
sample combinations represents about a 40% saving in complexity and power consumption 
compared to the equivalent number of separate adders and subtractors. 

In FIGURE 6b, the sum and difference values a(i)+a(i+l) and a(i+l)-a(i) are fed to a 
number of two way switches or selectors. The first selector selects the sum or difference in 
dependence on the exclusive OR between CI and C2. If CI = C2, then a(i) and a(i+l) are 
multiplied by the same sign in the device ofFIGURE 6b, thus generating their sum or negative 
sum. Consequently, the first selector circuit selects the sum if CI = C2, (i.e., C1.XOR.C2 = 
0). Conversely, if CI .XOR.C2 = 1 , the difference is selected. The selected sum or difference 
is then sign changed by a further multiplication with CI to obtain the desired value CI a(i) + 
C2 -a(i+l) from the first stage (2-sample matched filter). 

As in FIGURE 6a, this value from the first stage is delayed two sample periods in delay 
element 2D before being added to the second stage output of X 2 : 

C3 -a(i+2) + C4 -a(i+3). 

Thus, the formation of a 64-stage matched filter output value proceeds as before. 
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However, in this embodiment the number of additions and multiplications (or sign changes) 
has been reduced from 63-64 to 3 1 by the precombination of two successive input samples 
using a Butterfly circuit. This halves the power consumption in the multiply-add operations. 

A significant amount of power, however, is consumed by the delay elements. In 
FIGURES 6a, 6b and 6c, the number of delay elements times their frequency of operation is 
roughly the same. To halve the total power consumption, the number of delay elements or the 
clock frequencies of the delay elements should be reduced. 

FIGURE 6c shows how the 31 2-element delays of FIGURE 6b (all 62 elements of 
which are clocked at the sample rate Fc) may be partitioned into two banks of 31 
single-element delays, with each bank clocked at Fc/2. Thus, the power consumption is 
reduced from 62.Fc units to 2 x 3 1 .Fc/2 units, that is 3 l.Fc units, resulting in a halving of the 
power consumption in the delay elements. Thus, the inventive matched filter of FIGURE 6c 
operates at roughly half the power consumption of the prior art matched filter of FIGURE 2. 

In the first embodiment, input samples are delayed by one sample using a delay element 
D such as a digital storage element, register or latch, thus providing access to both the new 
sample and the previous sample simultaneously. A Butterfly circuit forms the sum and 
difference of the current and previous value. These two precombinations of two successive 
input samples are then fed to a number N/2 of selector circuits. The selector circuits select 
either the sum or the difference according to whether each pair of successive binary bits of a 
given N-bit word are the same or different. The selected values are then changed in sign 
according to the first of each pair of bits so that the sign changed value is equal to one of the 
sum, the difference, the negative sum or the negative difference according to whether the 
associated pair of binary bits had the values 00,01,10 or 1 1, respectively. The sign changed, 
selected values are then fed to N/2 adder circuits and the output of the adder circuits are fed 
to a respective one ofN/2 two-sample-period delay elements. The second input of each adder 
is derived from the foregoing one of the delay elements, thus forming a chain. The adder at 
the beginning of the chain may be omitted if no cascading is intended, and the delay element 
after the final adder may also be omitted. If no cascading is used, the output of the first two 
sample matched filter goes directly to the first delay element, and the output of the final adder 
is the final output or correlation value. Thus the number of additions performed at each sample 
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clock period has been reduced to a Butterfly operation (equivalent to two add.'s) plus N/2-1 
additions, from the N additions required by the conventional matched filter. 

Referring back to FIGURE 6c, a further refinement of the first embodiment is shown 
which replaces each of the N/2-1 two-sample delay elements with two chains of N/2-1 
one-sample delay elements. The first chain is selected to be used on even sample periods and 
the second chain is selected on odd sample periods. This reduces the number of delay elements 
that have to be clocked at each sample period from N-l of the prior art to N/2-1. The 
combination of halving the number of additions and halving the number of delay elements 
clocked per sample period effectively halves the power consumption of the matched filter. 

FIGURE 7 illustrates a matched filter arrangement according to another embodiment 
in which a Butterfly circuit is used to form all four of the combinations SUM, DIFFERENCE, 
-SUM and -DIFFERENCE of two successive input samples. Thirty-two, 4-way selector 
circuits select one of the four combinations in dependence on pairs of binary coefficients such 
as (C1,C2), (C3,C4), and so forth. Selected combinations are delayed in a first bank of 31 
delay elements D 1 e to D3 1 e for even sample periods or in a second bank of 3 1 delay elements 
Dlo to D31o for odd sample periods, with addition of each delayed value to the previously 
delayed sum. Selector switches SI, S2, .... S32 select a previously delayed sum from a delay 
element of the even bank of delays for even sample periods or, alternatively, from an odd-bank 
delay element for odd sample periods. Forming all four precombinations thus eliminates 32 
sign-changes at the expense of replacing 2-way selector switches with 4-way selector switches. 
This choice may be made after detailed trade-offs using parameters of a particular integrated 
circuit technology to determine the best realization. This trade-off is more particularly 
illustrated by FIGURE 8, which shows an alternative to forming four combinations and using 
4-way selector switches by forming only two precombinations, using 2-way selector switches, 
but imposing the need for a post-selection sign-changer according to the value of CI . 

FIGURE 9 shows a further extension of the invention by forming precombinations of 
four signal samples. Using three delay circuits D, four successive sample values a, b, c and d, 
are presented to the precombiner. The number of possible precombination sign patterns is now 
two-to-the-power-four, or 1 6. Since it is beneficial to avoid forming combinations that merely 
differ in sign, the precombiner only forms the eight combinations having a sign for sample 
value 'a 1 . It is therefore a saving in hardware that the 1 6 selector switches need only be 8-way 
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switches instead of 16-way switches. The 8-way switches select one of the eight 
precombinations according to groups of three binary bits such as: 

B1-C1.XOR.C2 

B2 = Cl.XOR.C3 

B3 = C1.X0R.C4 

By XORing CI, the sign to be applied to sample value 'a 1 is ignored. This overall sign is 
applied post-selection in the multiplier (sign-changer) using CI. 

The output of the first sign changer equates to a four-sample matched filter value which 
is now delayed four sample periods in one of the four banks of 1 5 delay elements. Each delay 
element is driven by clock frequency Fc/4, and each bank is used on every fourth clock pulse 
of the clock Fc. The clock Fc is thus divided by four to produce four, quarter-frequency 
clocks of staggered timing phase to clock the four delay-element banks respectively. It may 
be seen that, in FIGURE 9, a 64-sample matched filter is formed using only 1 5 delay and add 
stages, and that the power consumption in the delay elements is reduced from 63 .Fc as in the 
device of FIGURE 2 to 4 x 15. Fc/4, that is 15.Fc. Thus the power consumption has been 
roughly reduced to one quarter that of the device shown in FIGURE 2. 

The above principles may be extended to computing more precombinations of input 
samples than just the sum and difference of two successive values, as further explained in the 
parent application. For example, in FIGURE 9, input samples may be fed through a chain of 
three delay elements to provide parallel access to four successive samples, i.e. the current 
sample plus the last three. A precombiner computes all sixteen possible additive combinations 
of the four input samples using all possible four-bit sign patterns. According to an exemplary 
embodiment, only right of these need be computed as the other eight are simply the negatives 
of these. Also the eight combinations are computed in a Grey code ordered structure in which 
only one sign changes between each successive precombination formed, thus reducing the 
number of additions from 8 x 3 = 24 to 3 + 7 = 10. Other techniques may be used to reduce 
the complexity of forming precombinations, such as exploiting the use of Butterfly circuits 
which can form a sum and a difference simultaneously with less complexity than two 
Additions. 

Selector circuits, SI - SI 6, then each select one of the sixteen precombinations 
according to the polarities of four binary bits of the given N-bit word. This can comprise 
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selecting one of eight precombinations and then negating it, as shown in FIGURE 9. The 
selected precombination is then fed through an adder circuit to a four-sample delay element. 
The number of selector circuits has now been reduced to N/4, the number of adder circuits 
reduced to being N/4-1 and the number of 4-sample delay elements used is N/4- 1 . The N/4- 1 
4-sample delay elements can be replaced by four chains of N/4-1 one-sample delay elements, 
each clocked with a different one of four phases of a 1/4-sample-rate clock, also shown in 
FIGURE 9. Thus, the number of delay stages clocked and the number of additions performed 
at each sample clock period are reduced to approximately N/4, resulting in a corresponding 
three quarter reduction in power consumption. 

Extending the above principle to forming more than 16 precombinations using more 
than four successive input samples reduces the power consumption of the correlator only to 
a certain point, after which the formation and distribution of the greater number of 
precombinations to the selector circuits can cause the power consumption to rise once more. 
This is due to the number of word lines canying the precombinations rising exponentially fast, 
i.e. as two-to-the-power of the number of input samples combined, while the number of shifts 
and additions only reduces proportionally. Thus, there is a need for a design that minimizes 
the power consumption for any given value of correlation length N. 

In another embodiment, illustrated in FIGURE 10, the power consumption can be 
further improved by forming precombinations not upon inputting every new sample, but only 
upon inputting every group of, for example four new samples. Thus, the formation rate of 
precombinations is reduced, as is the rate of toggling of the precombinations 1 word lines. In 
this embodiment, N/4 four-sample precombinations are added, in block 01, to form a first 
N-sample correlation value. Then N/4-1 precombinations are added, in block $2, to a 
three-sample combination of earlier input values and a current sample to form a second 
correlation value. Another N/4-1 precombinations are combined, in block $3, with a 
two-sample combination of earlier input values and a combination of the current and previous 
sample to form a third correlation. Finally, a further N/4-1 precombinations are selected and 
combined, in block $4, with an earlier input sample value and a combination of the three most 
recent input sample values to form a fourth correlation. In this way, four correlations are 
generated per four sample clock periods by means of approximately N/4 add-shift operations 
per correlation value, and the rate of formation of the precombinations is reduced to once per 
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four sample clock periods. 

The reduction in power consumption may be frustrated by the exponentially increasing 
number of precombinations to be formed, and by the increasing complexity of the selector 
switch, and so on. Thus there is optimum number of precombinations to form which results 
in minimum power consumption. 

A difference in the matched filter of FIGURE 9 and the sliding correlator of FIGURE 
4 is that, in FIGURE 9, eight precombinations are formed at each cycle of the clock Fc, while 
in FIGURE 4, precombinations of four samples are computed only every fourth sample clock. 
One reason is because in FIGURE 4 complete groups of four correlations are computed by 
adding a triangular fillet of one odd sample, the sum of two samples and the sum of three 
samples at the beginning and end of the second, third and fourth correlation of each group of 
four correlations, respectively. 

FIGURE 10 shows how, the sliding correlator of FIGURE 4 can be implemented 
according to an alternative embodiment. Input samples arriving at rate Fc are distributed by 
a four-way commutator 10 to four memory elements denoted by a, b, c, d. Effectively, this 
forms a serial to 4-sample parallel convertor such that input samples are grouped into fours and 
latched to the input of precombiner PI every fourth sample clock. The four samples from the 
input latch are combined in precombiner P 1 at the reduced rate of Fc/4, accordingly the values 
of the 8 output lines change only at the rate Fc/4. This reduces the power consumption in the 
precombiner PI. The first selector switch denoted by SI selects one of the precombinations 
in dependence on ClxC2, ClxC3 and ClxC4 as before and then the selection is sign changed 
according to the overall sign CI to obtain aCl + bC2 + cC3 + dC4 which is a four-sample 
matched filter value for clock phase 1 . 

For clock phase 2, precombiner P2 forms bCl+cC2 + dC3; 

for clock phase 3, precombiner PI forms cCl + dC2; and 

for dock phase 4, precombiner PI forms dCl. 
The value formed for each clock phase is delayed in a respective one of four delay-element 
banks, the first elements of which are denoted by Dl 1,D12,D13 and D14. 

The delayed output from the first delay bank elements Dl 1, D12, D13, and D14 are 
added to another precombination selected by selector S2. In contrast with FIGURE 9 however, 
S2 selects a different set of samples, eC5 + fC6 +gC7 + hC8, 
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for the first clock phase, where e, f, g, h are the four input samples after 

a, b, c, d. After addition, the following 8-sample matched filter value is obtained: 

aCl + bC2 + cC3 + dC4 + eC5 + fC6 + gC7 + hC8. 
For the second clock phase, selector S2 must select: 

eC6 + fC7 + gC8 + hC9 
in order to add with: 

bCl + cC2 + dC3 
from P2, to obtain the 7-sample matched filter value: 

bCl + cC2 + dC3 + eC6 + fC7 + gC8 + hC9 
and so on. The bit-combinations used to control selector switch S2 are denoted by Zi, where 
i = 2 to 16. Code Scheduler 100 precomputes and stores the groups of three selector switch 
control bits. 

Further in FIGURE 10, the function of S16 is to select the final four-sample 
combination required to complete a 64-sample correlation on the first clock phase. A different 
combination is selected for the second clock phase, which corresponds to the penultimate four 
sample values of a second correlation, the final value aC64 being provided by third 
precombiner P3. Likewise, P3 provides combinations aC63 + bC64 to complete a correlation 
at the third Fc/4 clock phase and aC62 + bC63 + cC64 to complete a fourth correlation. Thus, 
four correlations are completed in one Fc/4 clock period. This is achieved by only 16 delay 
and 16 add operations per correlation. The only additional operations are the precombination 
operations performed by PI, P2 and P3 every fourth clock cycle of the sample rate clock Fc. 
The total number of precombinations formed is thus 8 (PI) + 3 (P2 ) + 3 (P3) = 14 per four 
cycles of clock Fc, that is 3.5 combinations per computed correlation in addition to the 16 
delay and add operations. The power cost of forming precombinations is thus reduced 
compared to the scheme of FIGURE 9. 

The principle may of course be extended to further reduce the power cost of forming 
precombinations by forming them in Grey-coded order, and may be applied to precombining 
more than four input samples at a time. In addition, correlating may be performed with more 
than one 64-bit binary code at once, by duplicating the select-delay-add elements, but without 
the need to duplicate the precombining circuit PI. The optimum number of samples to 
precombine, using either the scheme without the triangular start and end fillet of FIGURE 9, 
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or the scheme of FIGURE 10 to implement the start and end fillets, will be greater when 
simultaneous correlation with more than one code is used, due to the common precombining 
effort becoming less significant in the total power budget. 

The invention can also be applied to correlating a stream of complex samples having 
both a real and an imaginary part with a complex code having a real sign and an imaginary sign. 
Such a correlator may be structured according to a commonly assigned U.S. Patent 
Application No. 08/748,755 to Bottomley et al., which is hereby incorporated by reference 
herein. 

It may also be realized that correlations with sample shifts that are not required to be 
formed in a given application may be omitted by suitably inhibiting the clock pulses to different 
parts of the circuit and delay elements in accordance with the correlations to be omitted. Thus, 
power consumption may be further reduced when not all sliding correlations need be 
computed. 

It will be appreciated by those of ordinary skill in the art that this invention can be 
embodied in other specific forms without departing from its essential character. The 
embodiments described above should therefor be considered in all respects to be illustrative 
and not restrictive. 
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CLAIMS 



We claim: 

1. A matched filter for forming correlations between a stream of signal samples 
presented at a rate determined by a sample rate clock and a given binary code having a plurality 
of binary bits, comprising: 

-precombining means for forming precombinations of groups of input samples; 

-a plurality of selection means each controlled by a group of the binary bits to select one of the 

precombinations in dependence thereon; 

-addition means for combining the selected precombinations with a delayed sum to obtain an 
undelayed sum; and 

-delay means for delaying undelayed sums to produce the delayed sums. 

2. The matched filter of claim 1 , wherein the delay means is divided into a number of 
banks of delay elements, each bank being clocked with a respective phase of a multiphase clock 
derived by dividing the frequency of the sample rate clock by the number of banks. 

3 . The matched filter of claim 2, wherein the number of banks is equal to the number 
of samples in the groups of input samples. 

4. The matched filter of claim 1, wherein the number of said precombinations formed 
is equal to two to the power of the number of samples in the groups of input samples. 

5. The matched filter of claim 1 , wherein the number of said precombinations formed 
is equal to two to the power of the number of samples in the groups of input samples divided 
by two. 

. 6. A method for forming correlations between a stream of signal samples presented 
at a rate determined by a sample rate clock and a given binary code having a plurality of binary 
bits, comprising the steps of: 

-precombining groups of input samples to form precombinations of the groups of input 
samples; 

-selecting a plurality of the precombinations, the selecting controlled by a group of the binary 
bits; 

-adding the selected precombinations with delayed partial sums to obtain undelayed partial 
sums; and 
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-delaying the undelayed partial sums to produce the delayed partial sums. 

7. The method of claim 6, wherein the delaying step is performed by a number of 
banks of delay elements, each bank being clocked with a respective phase of a multiphase clock 
derived by dividing the frequency of the sample rate clock by the number of banks. 

8. The method of claim 7, wherein the number of banks of delay elements is equal to 
the number of samples in the groups of input samples. 

9. The method of claim 6, wherein the number of said precombinations formed is 
equal to two to the power of the number of samples in the groups of input samples, 

10. The method of claim 6, wherein the number of said precombinations formed is 
equal to two to the power of the number of samples in the groups of input samples divided by 
two. 

11. A method of producing correlations between successive shifts of a numerical 
sample sequence and at least one given binary code containing a plurality of binary bits, 
comprising the steps of; 

-forming a number of precombinations of successive ones of the numerical samples, the 
number of precombinations formed being less than a number of samples in the numerical 
sample sequence; 

-applying different patterns of sign inversions to selected precombinations; and 
-delaying and adding selected precombinations to produce the correlations. 

12. The method of claim 1 1 , wherein the precombinations are formed in a Grey-coded 
order of the corresponding different sign patterns. 

1 3 . The method of claim 1 1 , wherein at least one of the sign inversions in the patterns 
of sign inversions are based on at least one of the plurality of binary bits. 

14. The method of claim 1 1, wherein the step of delaying and adding comprises: 
-delaying the selected precombinations in a number of banks of delay elements, each bank 
being clocked with a respective phase of a multiphase clock derived by dividing the frequency 
of the sample rate clock by the number of banks. 

1 5. An apparatus for producing correlations between successive shifts of a numerical 
sample sequence and at least one given binary code containing a plurality of binary bits, 
comprising: 

-a first circuit for forming a number of precombinations of successive ones of the numerical 
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samples, the number of precombinations formed being less than a number of samples in the 
numerical sample sequence; 

-a second circuit for applying different patterns of sign inversions to selected precombinations; 
and 

-delaying means and adding means for delaying and adding selected precombinations to 
produce the correlations. 

16. The apparatus of claim 15, wherein the precombinations are formed in a Grey- 
coded order of the corresponding different patterns of sign inversions. 

17. The apparatus of claim 15, wherein at least one of the sign inversions in the 
patterns of sign inversions are based on at least one of the plurality of binary bits. 

18. The apparatus of claim 15, wherein the delaying means comprises: 

-at least one bank of delay elements for delaying the selected precombinations, each bank being 
clocked with a respective phase of a multiphase clock derived by dividing the frequency of the 
sample rate clock by the number of banks of delay elements. 
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^.,-STEP 1a 


OUTPUT PRFVIOUSI Y POMPI FTFH 
CORRELATION "k" AND RESET 
MEMORY LOCATION "k" TO ZERO 
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^.--STEP 1b 


INPUT FIRST OF 4 NFW ^AMPI F^ 
AND ADD/SUBTRACT TO MEMORY 
LOCATIONS k,k+1,k+2 and k+3 
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..--STEP 2a 


OUTPUT JUST COMPLETED 
CORRELATION k+1 AND RESET 
MEMORY LOCATION k+1 TO ZERO 
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^--STEP 2b 


IKipi IT OKin OF A MFW 9AMPI FQ 
AND ADD/SUBTRACT TO MEMORY 
LOCATIONS k,k+1,k+2 AND k+3 
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..--STEP 3a 


OUTPUT JUST COMPI FTFD 
CORRELATION k+2 AND RESET 
MEMORY LOCATION k+2 TO ZERO 
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—STEP 3b 


INPl IT ^RH OF A MFW CAMPI PC 

AND ADD/SUBTRACT TO MEMORY 
LOCATIONS k,k+1,k+2 AND k+3 
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--STEP 4a 


OUTPUT lU^T POMPI FTPn 

CORRELATION k+3 AND RESET 
MEMORY LOCATION k+3 TO ZERO 
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^--STEP 4b 


INPUT 1 A^T OF A NFW c?AMPI F<^ 

NirU 1 LAO 1 vr *r INCVV OrMVIr LCO 

AND ADD/SUBTRACT TO MEMORY 
LOCATIONS k,k+1,k+2 AND k+3 
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--STEP 4c 


STARTING PROM VAI 1 IP IN MEMORY 1 HP ATIHM 
o i r\r\ i UNO rrvwivi vmluc in ivicivivriT Lvunl \\JTi 

"k", COMPUTE OTHER 4-SAMPLE 

COMBINATIONS IN GREY-CODE ORDER 
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...--STEP 4d 


ADD A SFLFOTFD COMBINATION 
TO EACH OF MEMORY 
LOCATIONS k+4,k+5...ETC 
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STEP 4e 


INCREMENTS" BY 4, 




MODULO "M" 





FIG. 5 
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